The back EMF zero-cross detection method is widely used in sensorless position control. Since the back EMF cannot be measured, the terminal voltage is often used to approximate the back EMF. However, the terminal voltage is distorted caused by diode freewheeling current, filter delay and other factors, a phase difference will be generated between the terminal voltage and the back EMF. This phase difference makes position detection signal deviate from the best commutation time, even causes commutation failure in high speed or overload. This paper first analyzes the reasons of phase difference caused by diode freewheeling current and filter delay. Then, the relationship between phase difference angle, current and speed is presented through the simulation fitting method. Finally, simulation and experiment results prove the effectiveness of the calculation method. Moreover, from our study, the BLDCM can still achieve stable operation under sensorless control with different load torque and speed.
Introduction
The sensorless position control technology is the current research hotspot of brushless direct-current motor (BLDCM), among which the back EMF zero-cross detection method is the most widely used [1] [2] [3] [4] . The ideal commutation point of the BLDC is delayed by 30°electrical angle of the back EMF zero-crossing point. Thus, the commutation time can be determined by detecting the back EMF zero-crossing point [5] [6] [7] [8] .
Since the back EMF of BLDCM cannot be directly measured, the terminal voltage is commonly used to approximate the back EMF. However, the terminal voltage is distorted by filter delay, signal calculation delay, diode freewheeling current and armature reaction. A phase difference will be generated between the terminal voltage and the back EMF. The phase difference makes position detection signal deviate from the best commutation time, which can reduce the electromagnetic torque, increase the torque ripple, and reduce the efficiency, even cause commutation failure in the high speed or overload [9] .
Many scholars have proposed a method to eliminate phase error. Wu [10] used the terminal voltage deviation as the feedback amount, and adjusted the zero-crossing delay angle in real time by PI regulator. Then, the position signal phase can be corrected in a specific PWM modulation mode. Song [11] analyzed the relationship between the non-conducting phase current deviation and the phase error of the position signal, the zero-crossing delay angle can be adjusted in time to improve the position accuracy. However, this method is only applicable to the light load. Zhang [12] proposed a new method for detecting the back-EMF. In this method, the filter circuit is not needed when the speed does not change much, and the phase delay caused by the filter circuit is eliminated. Shen [13] used a digital correction circuit to compensate for the rotor position error caused by the armature reaction, but this method can only be used for salient pole motors. Wei [14] , Shen [15] proposed a DSP software design method, using digital phase-locked loop technology to achieve the tracking of the third harmonic signal and the judgment of the commutation point. Although the hardware circuit is simplified, the position estimation may fail when the motor is at a lower speed. Cheng [16] , Yang [17] analyzed the reasons of ahead position signal caused by diode freewheeling current. A phase difference calculation method that is suitable for a low-pass filter with a phase lag of 90° is proposed, but the calculation formula is very complicated. Real time compensation in their method is computationally intensive and can consume too much processor resources. In currently, there are some limitations to the study of eliminating phase error, which cannot cover all the conditions from low speed to high speed and light load to overload. This paper proposes a phase difference calculation method that can satisfy most working conditions of the motor. Simulation and experiment results prove the effectiveness of this method. In summary, it has the following advantages:
1) The calculation process is simple and does not require much calculations;
2) The calculation result has high accuracy and small error;
3) It is simple to implement and consume slight system resources; This paper firstly studies the BLDCM control system, analyzes the cause of the phase difference between the terminal voltage and the back EMF, and studies the influence of the filter delay and the diode freewheeling current in Section 1. The relationship between the phase different angle, current and speed is presented by the simulation method in Section 2. Compared with the formula method, the simulation method has a small amount of calculation and high accuracy on the controller. Finally the experimental results of the prototype validate that the method can give the leading commutation angle under different working conditions, thus ensuring the normal commutation of the motor under the working conditions with large changes in Section 3.
BLDCM Driver System Model and Commutation Strategy
The equivalent circuit of BLDC driving system is shown in Fig. 1 . In ideal commutation, the back EMF is trapezoidal wave and the phase current is square wave. At the commutation time, the phase current of the turn-off phase drops to zero instantaneously, and then rises from zero to a certain value at the next commutation time. The phase of the terminal voltage waveform is the same as that of the back EMF waveform, as shown in Fig. 2(a) . Therefore, the terminal voltage can be used to approximately replace the back EMF and control the motor commutation. But the motor winding is an inductance, the current cannot change abruptly during commutation, and the current will continue from the reverse parallel diode of the power transistor. The off-phase voltage will be clamped at zero until the current is reduced to zero, and the on-phase voltage will be clamped at the bus voltage dc V to form a peak. Therefore, the waveform of the terminal voltage will be distorted. The waveform of the actual terminal voltage is shown in Fig. 2(b) , which makes its phase advance back EMF. Due to the influence of PWM carrier, the terminal voltage contains a lot of switching noise. It needs to be filtered to extract the fundamental component of the voltage. After the signal passes through the filter circuit, it will produce phase delay. Therefore, the actual measured terminal voltage phase will lag the back EMF.
According to the above analysis, the voltage vector diagram of the motor is shown in Fig. 3 The phase frequency response formula of the filter is shown in Eq. 1.
Phase Difference Calculation Method and Its Compensation
In Eq. 1,  is the angular velocity (rad/s) of the motor rotor. From Eq. 1, the voltage lag angle caused by a specific filter has an arctangent relationship with the speed, and increases with the increase of the speed.  is related to voltage distortion caused by diode freewheel current, for convenience of analysis, the voltage waveform in Fig. 2(b) is decomposed into the model shown in Fig. 5 . In Fig. 5 , e U is the ideal back EMF and I U is the voltage distortion caused by current freewheel current, and the terminal voltage T U is equal to the sum of e U and I U . In an electric period, the voltage T U can be divided into six states, diode freewheeling current occurs in t2 and t5, in which the voltage T U is clamped to bus voltage d U or 0, the voltage I U is 0 in the remaining states, in which the waveforms of T U and e U are consistent. When the load changes, e U will remain unchanged, but I U will occur great changes. Under light load, the current is small, t2 and t5 are very short, I U causes only a weak influence, and  can be ignored. Under heavy load, the current is large, the freewheeling time is long, the influence on the voltage I U is serious, and the phase advance angle  cannot be ignored. The longer the freewheeling time, the larger the phase advance angle  . Therefore,  is related to the diode freewheeling time (3)
According to Eq. 1, Eq. 2, Eq. 3, the phase difference  between measured terminal voltage and back EMF is related to current I and speed n , but real-time measurement and calculation of the phase difference  will occupy DSP system resources and affect controller performance. Therefore, within the allowable error angle range, polynomial fitting is carried out on the relationship between phase difference, current and speed, and commutation control is implemented in the controller by looking up the table. In the process of solving the formula method, the parameters in Eq. 1, Eq. 2, Eq. 3 cannot be directly measured and need to be approximated, thus increasing the error. In order to simplify calculation and reduce error, based on actual motor parameters, BLDCM sensorless position control model is built in Matlab/Simulink as shown in Fig. 6 . Motor parameters are shown in Table 1 . Through simulation, the phase difference  can be obtained when the motor is loaded with different loads at the rated speed as shown in Table 2 . The measured terminal voltage lags behind the back EMF, and with the increase of load,  will gradually become larger, thus  will decrease.
By fitting the simulation results, the relationship among phase difference, speed and current can be obtained as shown in Eq. 4. The image is shown in Fig. 7 . In order to verify the accuracy of the fitting result, arbitrarily select six points in Fig. 7 , calculate the phase difference according to Eq. 4, and compensate the terminal voltage phase. The parameters of the selected six points are shown in Table 3 . The waveforms of voltage fab U after filtering, compensated voltage uab e and the back EMF ab e are shown in Fig. 8 . Fig. 8 , under different working conditions, the zero-crossing point of the compensated voltage uab e and the zero-crossing point of the back EMF ab e are coincident, indicating that the phase of the compensated voltage uab e can always keep synchronization with the back EMF ab e . The commutation signal calculated by the compensated voltage uab e is consistent with the ideal commutation signal, and the error is very small. The sensorless position control of BLDCM can accurately track the commutation position, and is not affected by the change of speed and load, which verifies the correctness of the phase difference calculation method proposed in this paper.
Prototype Experiment and Verification
In order to verify the phase difference calculation method proposed in this paper, a BLDCM test platform is built using TMS320F2812. The motor parameters are shown in Table 1 . The test platform is shown in Fig. 9 . Figure 9 . BLDCM test platform.
The filter circuit of the test platform is made according to Fig. 4 , the phase difference calculation method proposed in this paper is used to compensate the voltage and current signals. Given different speeds at no load, measure the current and hall signals, as shown in Fig. 10 . When no-load, even if the speed changes, the turn-on time of current is basically the same as the signal jump time of hall sensor. It proves that the compensated terminal voltage signal calculated by the equation can control the correct commutation. When the speed is 1500rpm, measure the current and hall signals with no-load and with rated load, as showed in Fig. 11 . Figure 11 . Current and hall signals with no-load and rated load. Fig. 11 shows that when the motor runs at a fixed speed and the load changes, the turn-on time of the current is basically the same as the signal jump time of the hall sensor. It proves that commutation angle calculated by the equation mentioned above can make the motor commutate correctly of the sensorless position control.
Conclusion
This paper analyzes the reasons of the distorted teminal voltage caused by diode freewheeling current and filter delay, there is a phase difference between the terminal voltage signal and the back EMF signal. The phase difference angle is related to the speed and current. The formula method requires a large amount of calculation and there are a lot of approximate calculations in the calculation process, which not only increases the calculation error, but also affects the performance of the controller.
